Mechanical characterization of Al/Ti-6Al-4V surface composite fabricated via FSP : a comparison of tool geometry and number of passes by Adetunla, Adedotun & Akinlabi, Esther Titilayo
Mechanical Characterization of Al/Ti-6Al-4V Surface 
Composite Fabricated via FSP: A comparison of Tool 
Geometry and Number of Passes 
Adedotun Adetunla, Esther Akinlabi 
 
Department of Mechanical Engineering Science, University of Johannesburg, Johannesburg 
2006, South Africa. 
Email: Adedotun Adetunla – dotunadetunla@yahoo.com 
 
 
 
Abstract 
 
Aluminium alloys specifically the 1100 grade are used majorly in the manufacturing industries. 
However, the alloy experiences wear while being used which in turn causes reduction in the 
service life of this alloy. One of the most common causes of failure in aluminum alloy is wear 
and with the aim to improve the wear resistance of this aluminum alloy, friction stir processing 
(FSP) is used to fabricate the surface composite of the Al/Ti- 6Al-4V system. The Ti-6Al-4V 
particles were mixed into the 1100 Al alloy by employing two different tool geometries (i.e, 
square shape and threaded taper) with a varying number of passes from 1 - 3 passes and a 
varying tool rotational speed of 600 and 1200rpm. The results of this study show that the tool 
shape, tool speed and the number of passes play significant  role in the distribution of the 
reinforcing particles, which consequently affect the hardness, microstructural modifications, 
grain size and wear resistance of these composite samples. The highest wear resistant composite 
was attained with threaded taper tool with 3 passes at 1200 rpm. Furthermore, the composite 
realized a wear resistance of 50% increment and a 40% reduction in friction coefficient compare 
to the 1100 Al alloy, this composite consequently exhibits the highest hardness and strength. 
Keywords 
 
Ti-6Al-4V; Microstructures; Composites, Surface Mechanical Properties, Wear 
Introduction 
 
The use of friction stir processing (FSP) as a method to develop surface metal matrix 
composites (MMCs) has become popular in recent year. FSP has a working principle based on 
friction stir welding (FSW) which was invented in the year 1991 by The Welding Institute (TWI) 
[1]. The principle of FSP is one in which a non-consumable rotating tool is inserted  into the 
surface of a work piece, the work piece then become softened without reaching its melting point 
due to the heat produced by the stirring process [2]. This work piece  experiences intense plastic 
deformation and consequently modifies its microstructure, the microstructural modifications 
and dynamic recrystallization which occur at the stir zone of the FSPed sample creates high 
angle grain boundaries with equiaxed ultrafine grain sizes. Several studies have reported FSP 
as means to modify the microstructure in different alloys [3]–[5]. Furthermore, it has been 
reported in some recent studies to have improved the wear performance and mechanical 
properties of different aluminum alloys [4], [6], [7]. 
Aluminium alloys are welded easily with good formability, it has been proven that they 
have high strength to weight ratio, high thermal conductivity and also exhibit high ductility [8]. 
These properties increased the applicability of Al alloys to wide range of industries such as in 
the aerospace, marine, plastics industries and automobile. Contrarily, Al and its alloys exhibit 
poor abrasion properties and low wear resistance even though they possess high strength to 
weight ratio and good strength [9]. Recent studies show that Aluminium alloys can exhibit better 
hardness, good mechanical properties and better wear resistance by reinforcing the surface with 
ceramic particles[10]–[12]. However, these reinforced alloys suffer loss of toughness and 
ductility due to the addition of the particles which sometimes serve as inclusion and 
contaminations[13]. 
Many investigations have been carried out to prepare surface composites such as 
Al/SiC[[14] and Al–Mg–Si/TiB2[15]. Furthermore, intermetallic composites have also been 
produced via FSP like Al-Fe and Al-N with an appropriate grained Al matrix [16]. Additionally, 
FSP has been employed for the production of hybrid composites like Al/SiC- Al2O3[17], this 
process is done by adding two or more types of reinforcement to strengthen the metal matrix 
which result to better properties than those strengthened with one reinforcement powder. Al 
metal matrix composites are usually strengthened by various ceramic particles such as ZiSiO4, 
B4C, AlN, SiC and TiC [15]–[20]. The most commonly used titanium alloy is Ti-6Al-4V, which 
is an α + β alloy[24]. The Ti-6Al-4V alloy has been created for aerospace applications to 
produce better mechanical properties while maintaining the corrosion resistance [25]. This alloy 
exhibits improved wear characteristics, lubrication and friction in comparison to pure titanium 
[26], the Ti-6Al-4V nanoparticles have also been produced for better toughness [27]. 
Vijayavel et al investigated the effect of tool pin in fabricating Aluminium based metal 
matrix, the microstructure and tensile properties were considered, the report shows that the 
tool pin profile plays an important role in the formation occurring at the stir zone [28] 
Numerous studies [29]–[31] have indicated that the properties of the FSP composite sample is 
affected by adequate mixture of the reinforcing particles in the base material, and this mixture 
is dependent on the tool speed, tool geometry and number of passes employed. Hence, this 
study aim to attain the best combination of these parameters to produce better wear resistance, 
higher hardness and uniform distribution of the reinforcement particles within the Al alloy 
matrix. No other study has attempted to reinforce 1100 Al alloy with Ti-6Al-4V by 
considering the effect of various tool geometries and number of passes on its wear behaviour, 
microstructure and hardness of the composites samples. The results obtained in the current 
study are presented and discussed in detail. 
 
Experimental 
 
1100Al as base sheet and Ti-6Al-4V as reinforcement element are the materials used in this 
research. The powder size of the Ti-6Al-4V element was found to be 35 nm in size, the chemical 
composition of this powder is shown in Table 1 while Table 2 presents the chemical composition 
of the as-received 1100 Al alloy. Fig 1a shows the SEM analysis of the Ti-6-Al- 4V powder, 
the powder’s structure is non-porous and spherical, which has satellites joined with the bigger 
particles, the presence of these satellites show that the Ti 6Al-4V powder was produced through 
gas atomization. The microstructure of the as-received 1100 Aluminium is shown in Fig 1b. 
The dark particles (precipitates) in the as-received sample indicates a continuous distribution 
inside the grains and also within the grain boundaries, the cell format of these precipitates are 
eutectic. Other elements were also found in this alloy which are indicated as “others” in Table 
2, these elements are seen to be carbides and oxides as a result of inclusions and impurities 
associated with the preparation process of the 1100 Al alloy. 
 
Table1:  Chemical Composition of Ti-6Al-4V 
Element Ti C Fe N Al O V 
Weight(%) 89.18 0.08 0.03 0.06 6.25 0.20 4.2
 
Table2: Chemical composition of the 1100 Alloy. 
Element Al Cu Zn Fe Si Others 
Percentage 97% 0.15% 0.09% 0.95% 0.95% 0.86% 
 
 
(a) (b)  
Fig 1: (a) SEM analysis of the Ti-6Al-4v (b) SEM analysis of the 1100 Al 
 
 
Figure 2a shows the experimental setup used for FSP of the Al/Ti-6Al-4V system, the 5-axis 
friction stir welder machine has 12 HP spindle motor with 50KN plunge load and 3500rpm 
turn speed capacity. The sheet thickness of 5 mm was cut to a measurement of 250 x 200 mm 
in a rectangular form, and it has four grooves with 3.5 mm width and 3 mm depth cut all 
through the top surface of these aluminium sheets. Some studies show that the volume 
fraction of reinforcing powders will affect the properties of the FSP samples fabricated and 
it has been proven that 20% to 25% volume of the reinforcing particles can adequately 
strengthen the base metal [32]. Therefore, 25% volume of Ti-6Al-4V particles was deposited 
into the groove and the calculation was done based on assertion of Thangaarasu et al [33], by 
using the following formula: 
 
 
A pinless tool was employed to close the grooves in order to avoid wasting the Ti-6Al- 
4V powder deposited inside the grooves. Therefore, the surface of these aluminium sheets were 
subjected to multi pass FSP with 100% overlap, a crown appearance of the aluminium sheet 
that has been worked on is shown in Figure 2b. 
 
 
Figure 2 (a) 5-axis FSW machine which is developed for FSP. (b) Crown appearance of the 
samples 
 
High speed steel (HSS) is employed as the tool used for the FSP, even distribution of 
the Ti-6Al-4V particles in the base material and required frictional heat is attained by this  tool.  
The tool geometries used include square and threaded taper, which has shoulder width  of 20 
mm and pin length of 4mm with a pin width of 4 mm as shown in Figure 3a and 3b, these tool 
geometries were chosen due to their frequent use in FSP and their good  performance in stirring 
reinforcement particles [34]., three different passes of FSP was employed with two different 
tool geometries and two different tool rotational speed.  Excessive number of passes may 
generate inadequate and excessive heat input which in turn will create an adverse effect on the 
properties of the material that is being processed [35]. The tests were conducted with a tool 
rotational speed of 600 and 1200rpm, and 10mm/min plunge speed with a constant traverse 
speed of 30 mm/min. Twelve different composite samples (designated as A1, A2, A3, B1, B2, 
B3, X1, X2, X3, Y1, Y2 and Y3) were produced. Table 3 shows the definition of symbols for 
every combination of parameters. To produce an accurate experimental data, two replicates 
were fabricated for each sample. 
 
 
 
 
 
 
 
 
 
 
 
 
 
(a) (b) 
Figure 3: Tool-pin geometry employed in the present study (a) Square (b) Threaded Taper 
 
 
Table 3: Definition of symbols 
Composites Tool 
Geometry 
Passes RPM Fixed Parameters
A
1 
A
2 
A
3 
 
B1 
B2 
B3 
 
X
1 
X
2 
Threaded 
Threaded 
Threaded 
 
Threaded 
Threaded 
Threaded 
 
Square 
Square 
Square 
 
Square 
Square 
Square
1 
2 
3 
 
1 
2 
3 
 
1 
2 
3 
 
1 
2 
3 
600
600 
600 
 
1200 
1200 
1200 
 
600 
600 
600 
 
1200 
1200 
1200 
Feed rate (f): 30 mm/min. 
Tilt angle (α): 2.51. 
Shoulder penetration (d) 
0.2mm. 
 
Plunge speed 10mm/min. 
Inter-pass overlap: 100% . 
 
All samples were cut through a precision metallographic cutting machine in order to 
measure the micro-hardness and also to observe the particles distribution across the cross 
section of the samples. These samples were mounted in the thermoset resin and subsequently 
polished to a mirror-like finishing. Different lines of indentations were made from the top to the 
bottom surface of the sample and Vicker’s microhardness tests were carried out by means of a 
digital microhardness tester with diamond indenter in accordance to ASTM E92-82 [36] 
standard by using 300 KN load and 15 seconds dwell time. The samples were degreased with 
acetone and grinded with an abrasive paper to obtain a smoother surface before taking 
measurements on the top surface. Metallographic observations and    Energy-dispersive X-ray 
spectroscopy (EDS) microanalyses were conducted to evaluate the dispersion of the Titanium 
powders within the aluminium. A TESCAN Scanning Electron Microscope (SEM) equipped 
with Oxford instrument was used to analyse the distribution of the particle and surface 
morphology at high magnification. The wear performance of composites and as-cast 1100 Al 
were tested by conducting pin-on-disc tests. In the present study, the following parameters were 
fixed during the wear test pin 6 mm; pin 5mm,60HV     as     the     average   hardness value 
of the steel disc and 0.2 μm surface roughness; 17.5 mm as the disc radius; wear radius is13.5 
mm; acquisition rate 100Hz; 1000m as the sliding distance; sliding speed is 4.19cm/s; 20N 
normal load, Relative humidity of 50%. Before the wear tests were carried out, each sample 
were ground with abrasive paper of 1000 micron. All the tests were done at 50% relative 
humidity and at the room temperature (25o C). Profilometer was used to measure the mass loss 
of each sample after the test and the worn surfaces was studied with the use of SEM and EDS. 
Tensile tests were done at room temperature (25 ºC) via an Instron electronic tensile machine, 
which has a strain rate of 2.0×10−3 s−1. The samples used for the tensile test were prepared as 
per ASTM standard E8/E8M-11 as shown in figure 4 and the fracture mode was observed with 
SEM at the fracture surface. 
 
Fig 4: Dimension of Tensile sample 
 
Results and Discussion 
 
Microstructural Analysis of The Al/Ti-6Al-4V Surface Composites 
 
The optical micrographs of various composite samples are presented in Fig 4. As 
revealed in these figures, A1, X1, Y1 and B1 samples suffer from defects such as tunnel hole, 
particle agglomeration and pin hole, but A3 and B3 samples are defects free. However, the 
samples fabricated with square tool geometry on tool speed of 1200rpm with multi passes were 
damaged (i.e Y2, Y3). The result indicates that the 3—passes samples fabricated via threaded 
tool experiences better distribution of particles than samples with 1 and 2-passes FSP. This 
findings can be attributed to the improved stirring action that occurs as the passes increases [37] 
. 
 Fig 4: Optical Micrograph of various composites samples 
  
The SEM micrographs of some samples are presented in figure 5 which shows the 
distribution of the Ti-5Al-4V powder in some selected samples. From these images, it can be 
seen that the Ti-6Al-4V powder is well distributed in the 3 passes samples (i.e A3, B3, X3) 
except for the 3-passes fabricated via square tools with 1200rpm (i.e. Y3).  In addition,  the best 
particle distribution is shown by the B3 sample which was fabricated using the threaded tool 
with tool rotational speed of 1200rpm. It is observed in Fig 5, the A3 and B3 samples has white 
area all through their stir zones (The presence of Ti-6Al-4V particles are represented by the 
white area), this finding reveals that the reinforcement is properly distributed by the threaded 
tools on both 600 and 1200 rpm with 3 passes. On the contrary, the stir zones of  other samples 
reveal lesser distribution of Ti-6Al-4V particles; these observations reveal that the threaded 
tools on 3 passes give better distribution of particles in comparison to the square tool. 
 
 
 
 
  
 
 
 
Fig 5: Distribution of Ti-6Al-4V powder within the matrix of some composites samples 
 
Some samples produced with square tool geometry with 1200rpm (i.e Y2 and Y3) were 
damaged as shown in Figure 6, this is due to inadequate heat input as a result of the tool 
rotational speed combined with square tool geometry. 
 Fig 6: Damaged sheet and tool fabricated with 3-passes Square tool geometry with 1200rpm 
  
Hardness measurement and Tensile properties 
 
The hardness value has a 41% increment in the composite when compared to the 1100 
Al alloy, a uniform hardness of 26.51 HV is seen across the cross section of the base. The 
hardness of the processed zone shows a noticaeble variation,  small hardness values are seen  in 
the advancing side while the retreating sides show slightly increased hardness value. The 
titanium particles are accumulated more at the retreating side and the accumulated particles are 
the reasons for the increased hardness evident in the retreating side of the processed zone 
The mean hardness values for all samples are reported in figure 9, tt can be seen that  all 
the 3-passes samples produced via threaded tools and the 3-passes samples fabricated through 
square with lower tool speed (i.e A3, B3, X3) exhibit higher hardness than the rest. B3 sample 
has the highest hardness value (i.e., 45.1 HV that is about 41% higher than 26.52HV of the 1100 
Al alloy) and figure 9 compare the hardness values of reinforced Al matrix with the pure Al 
alloy 
 
 
 
 
Figure 9: Micro hardness profile of 1100 Al and composite samples at top surface 
 
Figure 8: Microhardness of various samples. 
 
 
 
 
 
The images of the samples before and after test are shown in Fig 10, with a constant sheet 
thickness of 2.5mm, the load and displacement of all samples were recorded during the test as 
shown in Figure 11, the samples fabricated with 3-passes showed longer durability and 
elongation before fracture. The B3 sample being the sample with the highest strength exhibit 
30% improvement in tensile strength in comparison with the base metal as shown in Table 4. 
The yield stress and the Ultimate tensile stress(UTS) of all composite samples are shown in this 
table. To improve mechanical properties like tensile strength and hardness, it is important to 
have a better particle refinement according to Hall-Petch rule [37]. In the current work, it can 
be said that tensile strength increases as the grains in the 1100 Al become more refined, and the 
tool geometry with the best particle distribution is threaded taper, which further strengthen the 
need for an appropriate tool geometry when fabricating the Al/Ti-6Al-4V system. The fracture 
mode of 1100Al alloy and the B3 samples were analysed with SEM as shown in Fig 12, an 
indication of plastic deformation before failure was revealed due to the dimpled structures 
observed at the fracture surfaces of these samples. Ductile failure is predicted as the cause of 
these numerous deformed dimples seen at the surface which is in agreement with the result 
gotten from the tensile test. 
 
 
 
 
 
 
 
 
 
 
 
(a) (b) 
Fig 10: (a) Images of tensile samples before test (b) Images of tensile samples after test 
 
 
 
 
Fig 11: Load- Displacement curves for all composite samples 
 
 
Table 4. Tensile properties of the composite samples and the 1100Al alloy. 
 
Samples Yield stress(MPA) Ultimate Tensile Stress(MPA) Elongation (%) 
1100 Al (PM) 38.16 92.44 34.00 
A1 44.66 91.71 43.57 
B3 79.78 125.40 66.12 
X1 36.51 88.20 40.57 
A3 58.90 102.38 51.83 
X2 32.85 80.42 32.26 
X3 60.11 97.69 54.53 
 
 
 
 
 
 
 
 
 
 
 
 
 
(a) (b) 
Fig 12: Tensile fracture surfaces (a) 1100Al (b) A2 composite sample 
 
 
 
Wear and Friction Performance 
 
Figure 9 presents the coefficient of friction of some selected samples, a noticeable 
fluctuation occurs in the base metal and samples fabricated via 1-pass. For 3-passes samples 
produced with threaded tool, a lower and stable friction coefficient was observed all through 
the test. This means the A3 and B3 composites (both 3-passes produced with threaded tools 
with different tool speed) can exhibit longer service life. The rest of the samples as shown in 
figure 9 exhibit different behaviour during the test, they have higher friction compared to A3 
and B3 samples. The average coefficient of friction of all samples under 20N load is shown in 
figure 10, the findings show that the samples produced using 3 passes (i. e., A3, B3, X3) give 
lower friction coefficient in comparison with samples fabricated using 1 and 2passes (i.e.B1, 
A1 and the rest). The reason is because the 3-passes samples has better hardness and finer grains 
in comparison to the rest except for 3- passes fabricated via Square tool geometry that has high 
tool speed which led to the damage of the sheets due to high heat input. In consistent with Hall–
Petch rule, B3 sample exhibit the least friction due to the tool geometry and the high heat input 
which helps with the stirring of the particles in the 1100Al alloy, and Y1 sample has the highest 
friction. The friction coefficient of A3 and B3 samples are about 45% lower than that of the as-
received 1100 Al. Further, as shown in figure 10 
 
 Figure 9: Friction behaviour of 1100 Al alloy and various composite samples (All the samples 
were tested under normal load of 20N) 
 
 
 
Fig 10: Average coefficient of friction of 1100 Al and composite samples (All the samples 
were tested under normal load of 20N) 
 
 
Mass loss of the samples were investigated during the wear test, figure 11 shows the 
average mass loss of the composite samples. Low loss of mass is evident with the 3-passes 
samples in comparative to the rest except for Y3 (i.e 3-passes fabricated with square tool 
geometry and 1200rpm). Furthermore, the hardest composite samples being B3 experience  the 
least mass loss, which is about 67% lower than the mass loss of the 1100 Al alloy. This 
finding shows that the addition of 25% volume of Ti-6Al-4V particles may improve the wear 
performance of aluminium alloy by 67%. Furthermore, due to the performance exhibited by B3 
samples in terms of hardness, resistance to wear, distribution of particles and finer grains, the 
importance of using the combination of 3-passes, 1200rpm and threaded tool to fabricate Al/Ti-
6Al-4V composite can be overemphasised. 
 
Figure 11: Average mass loss for all samples in wear test 
 
 
3.4. Worn Surfaces and Comparison Between Reinforced and the Unreinforced Matrix 
 
SEM micrographs of the 1100Al alloy and B3 are shown in figure 12, B3 being the 
composite with lowest loss of mass and highest hardness has striations on the surface during the 
test, the present of these striations in B3 suggest abrasive wear. The EDS analysis of the B3 
sample is shown in figure 13, it can be seen from the EDS peaks that the composite consists of 
elements present in the base metal such as Al, Ti and N, which show that the composite 
experienced adhesion wear. These findings confirm that the composites are controlled by both 
adhesion and abrasion mechanism. 
 Fig 12: SEM images of the worn surfaces of 1100 Al and composite sample (B3) 
 
 
 
 
The surface of B3 was analysed via EDS as shown in figure 13, Two zones were selected 
(A and B). The EDS peaks at zone A has in present Al2Ti intermetallic and zone B represents 
the existence of Titanium rich particles. These observations are due to tribo- reactions which 
help to prevent contact between disc and composite material which subsequently alters the wear 
mechanism by making it a reaction between three bodies, consequently improving the resistance 
to wear of the composite sample. It can be concluded that in the fabrication of the Al-Ti-6Al-
4V system, the wear resistance may also be affected  by tribo growth. 
 Fig 13: EDS analysis of the worn surface of B3 
 
The mass loss and hardness value for composite with the highest hardness (i.e B3) is 
compared with 3-pass sample without reinforcement and the 1100 Al alloy in Table 4. Threaded 
tool was used to fabricate the unreinforced 3-passes sample. It can be seen in Table 4 that the 
1100 Al alloy has higher hardness than the unreinforced 3 passes sample, and the highest 
hardness being B3 (3-passes composite sample). The mass loss also follow similar trend, the 
mass loss of the unreinforced 3 passes sample is the highest which is as a result of the annealing 
effect of the heat generated during the process. This study shows that all the properties such as 
friction coefficient, mass loss and the hardness value of the reinforced 3- passes composite(B3) 
performs better than the unreinforced 3-passes sample, and this finding shows that the Ti-6Al-
4V particles can prevail over the annealing effect of the heat  generated during the process In 
summary, the effects of number of passes, tool rotational speed and the tool geometry in 
fabricating the Al/Ti-6Al-4V surface composite can be seen on the hardness, grain size, particle 
distribution of particles and the resistance to wear of the composite. The best choice for 
fabricating this surface composite is the combination of 3-passes with threaded tool and a tool 
speed of 1200rpm. 
 
Table 4: Hardness and wear resistance of parent material, reinforced and unreinforced 1100 Al 
Attribute Parent Material Unreinforced/3passes 3-passes composite(B3)
Mass loss(g) 0.0045 0.0051 0.0014 
Hardness(HV) 26.52 23.6 45.1 
Coefficient of Friction 0.75 0.056 0.36 
 
 
Conclusion 
 
This research was done with the aim to improve the mechanical properties of 1100 Al 
alloy. Tool parameters such as number of passes, tool rotational speed and tool geometry were 
examined to find the most suitable combination offering an even distribution of the powder 
which in turn affects the hardness, tensile property and the wear resistance of the composite. 
The conclusions of this research are summarized below. 
 
1 The wear resistance of 1100 Al Alloy can be enhanced by reinforcing it with Ti-6Al-4V 
particles. A decrease in the friction coefficient and an appreciable increase in the wear resistance 
due to the addition of the powder as reinforcement was observed in this study. 
2. The more even the dispersion, the higher the wear resistance, and as the passes increases, 
the distributions of the particles are more even. Furthermore, the particle distribution is affected 
by the tool geometry and the tool rotational speed, a higher tool speed  which produces more 
heat input helps in dispersing the powder uniformly. In the present work, the resistance to wear 
of the 1100 Al alloy is dependent on how uniformly the Ti-6Al-4V are distributed in the matrix. 
3. Threaded taper tool geometry is the most suitable tool among the tools in this research to 
fabricate Al/Ti-6Al-4V surface composite, the best particle distribution is gotten from 3- passes 
composites produced with threaded tool and tool speed of 1200rpm. With this combination, 
30% improvement in tensile strength was recorded in comparison with the 1100 Al alloy. 
4. It was observed in this research that microstructural modifications occur as the passes 
increases, modifications such as breakup of acicular Ti particles, pitholes and elimination of 
defects. A finer and better distribution with less agglomeration can be seen as the passes 
increases. 
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